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Scaling Considerations for Dynamic Experiments 
R.M. Schmidt, Research Engineer 
Boeing Aerospace Co. Org 2-3646, P.O. Box 3999, Seattle, WA 98124 
SYNOPSIS: The geotechnical centrifuge has been shown to be a very valuable experimental tech-
nique in the investigation of explosive and impact cratering behavior. A brief summary of re-
cent experiments is given along with a pertinent bibliography. These works have served toes-
tablish the practicality of performing dynamic experiments on the centrifuge as well as to pro-
vide a theoretical basis for their interpretation. 
The use of a geotechnical centrifuge to per-
form subscale experiments to investigate dy-
namic processes in soils is currently under 
serious consideration and various pilot stud-
ies have been completed or are underway. The 
author has been pursuing such an application 
to the investigation of crater formation due 
to explosives or impacting bodies (Schmidt, 
1977, 1978, 1980; Holsapple and Schmidt, 
1979). A particular concern in such experi-
ments was whether or not similarity could be 
achieved in the overall thermomechanical 
sense. To address this question in detail, a 
similarity analysis of the field equations 
for a continuum was undertaken (Schmidt and 
Holsapple, 1980a). From this analysis, six 
restrictive conditions among nine scale fac-
tors for size, time, density, stress, body 
forces, internal energy, heat supply, heat 
conduction and heat of detonation were 
obtained. Hence, nontrivial similarity with 
arbitrary scaling of size, time and density or 
any other combination of three scale factors 
chosen as independent is allowed. Since these 
relations were derived from considering only 
the balance equations and the jump condi-
tions, they must hold for all choices of ma-
terials. They show further that no additional 
constraints arise for specific choices of 
material constitutive equations that are both 
rate and size independent. In which case, 
"dynamic scaling" prevails in that the scale 
factor for size is equal to the scale factor 
for time and stresses as we 11 as ve 1 oc it i es 
and internal energies are equal at homolo-
geous positions in the model and in the proto-
type. This result then, indicates that dynam-
ic experiments using materials that are rate 
independent having no inherent size proper-
ties can be scaled and interpreted in the same 
manner as the well-established quasi-static 
experiments considering only the 1 ithostatic 
overburden stresses. 
Hence, when the prototypic soil material is 
used in a centrifuge, the 1 inear geometric 
scale factor must be the reciprocal of the 
gravity field strength. Thereby, the product 
gl (gravity times characteristic dimension) 
is equal for both model and prototype. Fur-
thermore, volume and energy scale with the 
cube of the gravity. Consequently, very large 
prototypic explosive (or impact) energies can 
be simulated with small charges (or projec-
tiles) using a geotechnical centrifuge. The 
sufficiency of this scaling has been demon-
strated by numerous experiments. 
Using an oil-base modeling clay, depth of bur-
ial effect at centripetal accelerations up to 
480 G were investigated (Schmidt, 1976, 1977). 
The results of these high-G experiments were 
in good agreement with field data obtained 
from the Nevada Test Site (NTS) cratering 
series. Using dimensionless quantities, a 
depth of burst dependence was demonstrated to 
be valid over a range of twelve order$ ~f mag-
nitude in explosive energy release demonstra-
t in g the r e 1 evan c e of using subs c a 1 e 1 abO(-
atory tests performed at elevated gravity to 
predict large-scale cratering events in the 
fie 1 d. 
Another centrifuge test series was designed 
to investigate surface burst phenomena 
(Schmidt and Holsapple, 1978b, 1980a). A dry 
Ottawa sand was used for various fundamental 
experiments. The functional relationship ob-
tained by varying gravity at fixed charge size 
was shown to be identical to that obtained by 
varying explosive charge size at fixed grav-
ity. A number of shots were then performed to 
demonstrate the validity of "modeling of 
models" at a scaled size corresponding to a 
large prototype yield. In addition, sand 
grain-size was varied by a factor of four and 
showed no significant effect on crater size or 
shape. 
Both theory and limited laboratory experi-
ments provided confidence that specific field 
prototypes could be simulated at subscale. To 
demonstrate this, three experiments were 
undertaken using desert alluvium as a repre-
sentative soil. Using an equivalent-charge 
concept, a subscale simulation of the JOHNIE 
BOY 500-ton nuclear crater was performed 
(Schmidt, 1978). Subsequently, two more 
"pure" experiments using identical materials 
for both the charge and the soil were conduct-
ed. These were the two 20-ton TNT events, 
JANGLE HE-2 and STAGECOACH II (Holsapple and 
Schmidt, 1980b). Both showed very good agree-
ment with the prototype field events. 
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Having established the sufficiency of the 
centrifuge to satisfy similarity requirements 
for modeling large cratering events, a mater-
ial property study was undertaken (Schmidt 
and Holsapple, 1979; Holsapple and Schmidt, 
1979). Here an analytical model was developed 
which accounted for the effects of soil cohe-
sion, angle of internal friction, density, 
and charge specific energy. This model was 
subsequently shown to be in good agreement 
with field data for alluvium and rock 
(Schmidt, 1980). 
Impact cratering has also been investigated 
very successfully using the centrifuge tech-
nique. Hypervelocity projectile guns have 
been mounted on the rotor and are capable of 
velocities up to 7 km/sec. A recent investi-
gation by Schmidt ( 1980) has produced est i-
mates for the energy of formation for Meteor 
Crater, Arizona, which take into account 
impact velocity as well as impactor proper-
ties. In addition, Holsapple (1980) has devel-
oped an analytical model based upon centri-
fuge data which correlates the equivalent 
depth of burst of impact cratering. Work is 
continuing leading to crater scaling rela-
tionships for very large impactors with diam-
eters in excess of 10 km (Holsapple and 
Schmidt, 1981). 
Work in progress involves closer examination 
of near-surface height-of-burst and depth-of-
burst effects (Schmidt and Holsapple, 1980). 
Particular emphasis is on energy coupling 
effects and their dependence upon charge spe-
cific energy and ambient air pressure. Other 
on-going work is directed toward modeling 
blast-induced liquefaction (Schmidt, Hols-
apple, and Piekutowski, 1980; Schmidt, 
Fragaszy, and Holsapple 1981). 
Previous theoretical work (Holsapple, Schmidt, 
and Dyrdahl, 1978) indicates that ground mo-
tion and ground shock can also be addressed 
using centrifuge experiments. 
The above discussion is intended as an intro-
duction and guide to the attached bibliogra-
phy. These references provide a detailed de-
scription and the results of the centrifuge 
cratering experimental program that has been 
underway at the Boeing Aerospace Company over 
the past five years. The success of these dy-
namic experiments provides confidence that 
the centrifuge technique can also be used to 
investigate earthquake related and other soil 
dynamic problems of interest. 
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